Coupling between local perfusion and metab olism was examined in Mongolian gerbils during the de velopment of delayed neuronal death using a combination of double-tracer autoradiography and imaging of local en ergy state. Animals were anesthetized with 1.5% halo thane and fo rebrain ischemia was produced by occluding both common carotid arteries. After 5 min of ischemia, brains were recirculated for 6 h and 1, 2, or 4 days. At the end of the experiment, regional cerebral blood flow (CBF ) and glucose utilization (CMRglc ) were determined in identical brain sections with [J31I]iodoantipyrine and [14C]deoxyglucose, respectively. Adjacent sections were taken for imaging of A TP and glucose using substrate specific bioluminescence reactions. In the CAl subfield of control animals, CBF and CMRglc amounted to 81 ± 8 mllOO g-lmin -I and 69 ± 2 fLmol lOO g-Imin -\, respec-Ab b reviations us ed: DG, deoxyglucose; lAP, iodoantipyrine.
Following a brief period of global cerebrocircula tory arrest, brain injury, if present, is usually re stricted to the so-called selectively vulnerable areas of the brain, such as the CAl sector of the hippo campus. One of the characteristics of selective vul nerability is the delayed manifestation of injury that may lag as much as 1 week behind the ischemic impact (Ito et aI., 1975; Kirino, 1982; Pulsinelli et aI., 1982) . Most authors hold that selective vulner ability results from enhanced voltage-or receptor mediated calcium fluxes, which, in turn, leads to a variety of persisting molecular disturbances (see Siesj6, 1981 Siesj6, , 1986 . One of the most stringent argu ments against this hypothesis is the fact that such fluxes occur throughout the brain whereas selective tively, and the calculated CBF/CMRgl c ratio was 1.18 ± 0.12 mUfLmol (mean ± SD). After ischemia, the CBF I CMRglcratio increased to 1.31 ± 0.14,1.43 ± 0.16,1.45 ± 0.16, and 1.56 ± 0.18 mllfLmol fo llowing 6 hand 1,2, or 4 days recirculation, respectively. Glucose levels did not change during the 6 h to 4 day recirculation period in the hippocampal CAl subfield. In the same region, ATP lev els were unchanged during 6 h to 2 day postischemic re covery but reduced to about 70% after 4 days of recircu lation. The results indicate that a mismatch of the flow metabolism couple following transient ischemia does not appear to contribute to the postischemic maturation of delayed neuronal death in selectively vulnerable brain re gions. Key Words: Cerebral ischemia-Gerbil-Blood flow-Glucose utilization-Regional energy metabo lism-Maturation.
vulnerability is manifested only in a few anatomi cally well-defined regions. It is therefore possible that other factors such as regional differences in vascular supply are involved. In fact, Spielmeyer (1925) had already noted that the vulnerable parts of the hippocampus are supplied by an unusually stretched vessel that penetrates from the fissura hippocampi into the border zone between the hip pocampus and dentate gyrus. After ischemia, cere bral vasculature undergoes a period of spasticity (Hossmann and Lechtape-Griiter, 1971; Hallen beck, 1977; Ginsberg et aI., 1978; Levy et al., 1979) , and it is conceivable that because of this anatomical feature, a critical degree of postischemic hypoper fusion develops in this particular region.
An argument against the hemodynamic hypothe sis is the fact that during postischemic hypoperfu sion metabolism is also reduced, and most of the available evidence suggests that during the early phase of postischemic recirculation, the reduced supply of nutrients and oxygen does not result in an impairment of energy metabolism (Levy and Duffy, 1977; Pulsinelli and Duffy, 1983; Munekata and Rossmann, 1987) . With longer recirculation times, however, metabolic activity increases and it cannot be excluded that at this time regions with a critical arterial supply may suffer delayed hypoxia. The most direct experimental approach to test this hy pothesis is the multiparametric imaging of regional blood flow, metabolic rate, and energy state in the same brain at various times after the ischemia. By calculating the regional flow-metabolism couple, it should be possible to identify regions with relative hypoperfusion, and by comparing these measure ments with the regional energy state, the biochem ical consequences of such an uncoupling could be assessed.
In the present investigation, this approach was used to study the relationship between flow and me tabolism during the whole length of the maturation period of selective injury following 5 min of global ischemia in gerbils.
MATERIALS AND METHODS
Twenty male Mongolian gerbils (Meriones unguicula tus) weighing 60-80 g were anesthetized with 1.5% halo thane (30% O2, 70% N2) . Rectal body temperature was kept at 37°C by means of a fe edback-controlled infrared heating lamp. Following ventral neck incision, both com mon carotid arteries were exposed and either manipu lated (sham-operated controls, n = 4) or occluded with aneurysmal clips for a duration of 5 min (n = 16). After removal of clips, restoration of blood flow through the carotid arteries was verified. Skin wounds were sutured and animals were returned to their cages. Fo llowing isch emia, gerbils were allowed to survive for 6 h (n = 4), 1 day (n = 4), 2 days (n = 4), or 4 days (n = 4), and then reanesthetized with 1.5% halothane. Body temperature was again stabilized at 37°C, and the left fe moral artery and vein were cannulated for arterial blood sampling and intravenous tracer injection. At the end of tracer infusion, brains were fr ozen in situ with liquid nitrogen and pro cessed for quantitative autoradiography and regional bio chemistry, as described below.
Measurement of regional blood flow and glucose utilization
Cerebral metabolic rates for glucose (CMRglc) of gerbil were determined with the [l4C]deoxyglucose (['4C]DG) method (Sokoloff et aI., 1977) . A total of 100 f.LCilkg of [14C] DG were injected intravenously as a bolus and re peated arterial blood samples were taken at increasing time intervals. After centrifugation, arterial plasma [14C] DG activity was determined with a liquid scintilla tion counter (L7200, Beckman, Fu llerton, CA, U.S.A.), and arterial plasma glucose concentration with an auto mated glucose oxidase assay (Glucose analyzer II, Beck man). Twenty-nine minutes later, ['311]iodoantipyrine (['311]IAP) was infused intravenously at a constant rate for 1 min (Sakurada et aI., 1978) while taking repeated arterial blood samples. At the end of [l3ll]lAP infusion, brain tissue was fr ozen in situ with liquid nitrogen.
[l3ll]IAP activity of arterial blood samples was deter mined in a gamma counter (Biogamma, Beckman). Brains were dissected in a low temperature cabinet at -20°C and cut into 20 f.Lm cryostat sections for quantitative 1311 and 14C autoradiography (Mies et aI., 1981) , and substrate induced bioluminescence of ATP (Kogure and Alonso, 1978) and glucose (Paschen et aI., 1981) . 1311 autoradiog raphy of brain sections and 1311 tissue standards was per fo rmed by immediate exposure to Kodak NMB film for 24 h. After complete decay of 1311, 14C autoradiography was carried out by apposition of the same tissue sections and calibrated plastic 14C standards to Kodak NMB film for 2 weeks. Fo llowing double-tracer autoradiography, sec tions were stained with cresyl-violet for neuropathologi cal examination of neuronal loss. An image processing system (microdensitometer: Scandig 3, Joyce Loebl, Gateshead, U.K.; computer: PDP 11/14, Digital Equipment Corp., Maynard, MA, U.S.A.; monitor: ID2000, De Anza System, Santa Clara, CA, U.S.A.) was used to digitize optical densities of 1311 14C autoradiograms. Tissue 1311 and 14C radioactivity lev els in regions of interest were calculated fr om the extinc tion/isotope activity calibration curve derived fr om iso tope standards.
Regional glucose utilization (CMRglc) was calculated using the rate and lumped constants determined in awake rats (Sokoloff et aI., 1977) . After ischemia, the deoxyglu cose rate constants may change but the error would be small due to the insensitivity of the method to such changes. Alterations of the lumped constant are more critical but could be excluded because regional glucose content did not change (see below). Cerebral blood flow was calculated as described by Sakurada et al. (1978) us ing a tissue-blood partition coefficient of 0.8.
Measurement of regional glucose and ATP content
The regional distribution of ATP and glucose was mea sured qualitatively by substrate-induced biolumines cence. Twenty micron cryostat sections were covered with 60 f.Lm sections of fr ozen reaction mix containing all enzymes, coenzymes, and substrates necessary for evoking the bioluminescence reaction. The sandwich was placed in the dark on photographic film and warmed to room temperature, thus allowing the reaction mixture to diffuse into the tissue section. The resulting biolumines cence was recorded on photographic film (Agfa Pan 100 or 200 ASA), and the optical densities were scanned with the image processing system. Since the optical density of bioluminescence images has been shown to correlate lin early with tissue ATP and glucose content (Paschen et aI., 1985) , extinction values were used as a qualitative esti mate of tissue energy state in selectively vulnerable brain areas relative to those obtained in nonvulnerable brain structures.
Statistical analysis
Values are given as means ± SD. CBF and CMRglc data were subjected to one-way analysis of variance. The statistical significance of multiple comparisons between control and experimental groups was determined by Scheffe's Ftest at a p value < 0.05. Multiple comparisons of CBF/CMRglc ratios were analyzed with the nonpara metric rank test of Nemenyi and a p value < 0.05 was considered to be statistically significant (Sachs, 1984) .
RESULTS

General observations
Gerbils submitted to 5 min of cerebral ischemia exhibited increased motility for about 1 day. By day 4 postischemia, no abnormal behavior was ob served. Generalized seizures never occurred.
Morphological observations
Animals surviving for up to 2 days after ischemia did not exhibit loss of pyramidal CAl neurons of the dorsal hippocampus as judged from microscopic ex amination of stained 20 f.Lm cryostat sections. After 4 days postischemia, pyramidal neurons were se verely damaged in all animals.
Regional glucose and A TP content Figure 1 shows representative images from re gional glucose and ATP bioluminescence assays in a control animal and animals subjected to 5 min of forebrain ischemia followed by 1, 2, and 4 days of postischemic recovery. In controls and gerbils re covering until 2 days postischemia, CAl subfield tion in the brain of Mongolian gerbils before and after isch emia. Animals were subjected to 5 min of forebrain ischemia followed by 1, 2, or 4 days of post ischemic recovery. ATP and glucose images were produced from coronal cryostat sec tions of the brain using substrate-specific bioluminescence reactions (black: no substrate; white: normal substrate lev els). Note the decrease in ATP content in the presence of normal glucose levels in the hippocampal CA1 sector (ar rows) after 4 days of recirculation.
J Cereb Blood Flow Metab. Vol. 10. No. 5. 1990 optical density ranged between 92 and 100% of that of the cortex, indicating no major disturbances of the hippocampal A TP and glucose content. While the percentage glucose content (95-100%) was close to control levels after 4 days of recirculation, the percentage ATP content of the CAl sector de creased to 70 to 85% of that of the cortex, suggest ing an impaired energy state in this brain region.
The absence of postischemic changes in glucose ex cludes interregional differences of the lumped con stant of the e4C]DG method (see below).
Regional CBF, CMRg1c' and CBF/CMRglc ratios
In sham-operated gerbils, average CMRg1c and CBF values compared well with recently reported data (Levy et aI., 1979; Suzuki et aI., 1983; Choki et al., 1983 Choki et al., , 1984 Mies et aI., 1984; Yoshimine et aI., 1986) (Tables 1 and 2 ). The interregional metabolic and hemodynamic pattern of gerbil brain (Fig. 2 ) differed from rat brain in a few structures. CMRg l c and CBF were highest in the dorsolateral part of the caudate nucleus [129 ± 4 f.Lmol lOO g-Imin-I and 160 ± 12 ml 100 g-Imin-I (mean ± SD), respectively]. The medial part of the habenular complex (CMRg1c: 110 ± 8 f.Lmol 100 g-Imin-I; CBF: 160 ± 8 ml 100 g-Imin-I) and its efferent projection, i.e., the fasciculus retroflexus (CMRg l c: 99 ± 9 f.LmollOO g-Imin-I; CBF : 128 ± 12 mllOO g-Imin -1), could be clearly distinguished from sur rounding brain areas by the higher metabolic activ ity. In contrast to the rat brain, glucose utilization and flow rates in the medial geniculate body (55 ± 2 f.LmOI 100 g-Imin -I; 82 ± 8 mll00 g-Imin -I) were much lower than in occipital cortex (115 ± 8 f.LmOI 100 g-Imin -I; 147 ± 6 ml l00 g-Imin -I). The variability of the calculated regional CBFICMRglc ratios was surprisingly large, with CBFICMRg1c values ranging from 1.0 to 1.7 mllf.Lmol ( Table 3) . The low est CBFICMRg1c quotients were measured in the hippocampal formation and caudate nucleus (1.02 to 1.26 mllf.Lmol), whereas those of the other brain structures ranged between 1.30 and 1.74 mI/f.LmoL
The flow values of gerbils surviving 5 min of isch emia for 6 h to 4 days are presented in Table 1 . After 6 h postischemia, blood flow had returned close to control levels in most regions with the exception of the entorhinal cortex ( -26%, p < 0.05) and dorso lateral striatum ( -18 to 30%, nonsignificant due to interanimal scatter). A secondary impairment of re gional blood flow was observed 4 days postischemia in occipital (-27%, p < 0.05) and entorhinal ( -31 %, p < 0.05) cortex and in the dorsoventral part of the caudate nucleus ( -28%, p < 0.05).
The corresponding metabolic rates for glucose are summarized in Table 2 . At 6 h postischemia, regional glucose metabolism was significantly sup pressed by about -35% in most structures. Lesser reductions were observed in the lateral thalamic nu cleus (-14%), lateral habenular nucleus (-10%), hippocampal CA3 subfield (-12%), dentate gyrus ( -5%), and lateral striatum (-26%); these de creases did not reach the 5% significance level. In the medial habenular nucleus ( + 5%) and fasciculus retroflexus ( + 2%), control levels of glucose utiliza tion were observed, reflecting a relative increase in glucose metabolism in the presence of global meta bolic suppression. During later postischemic recovery, regional glu cose consumption gradually returned to values equal to or close to control levels. However, pro nounced metabolic heterogeneity occurred in dis crete areas of selectively vulnerable brain regions at 1 day postischemia (Fig. 2, Table 2) . In contrast to the more diffuse distribution of flow in the striatum, CMRglc was reduced in two of four gerbils in the dorsolateral part of the caudate, which was sharply demarcated against the ventromedial part in which glucose consumption was normal. At 4 days postis chemia, the CMRglc of the lateral striatum was be low 55% in three of four gerbils, and 85% of control in one animal. At 1 and 2 days postischemia, the metabolic activity in the CAl subfield (-30 and -22%, respectively; p < 0.05) was more reduced than that of the dorsal subiculum ( -6 and -25%, respectively, n.s.) and CA 3 sector (normal and -16%, respectively, n.s.), thereby accentuating the hippocampal metabolic heterogeneity. The habenu lar complex and fasciculus retroflexus were not af fected for 2 days postischemia but glucose use by the lateral habenular nucleus was significantly im paired ( -23%, p < 0.05) at 4 days postischemia. At this time, the CMRglc was also reduced in the oc cipital ( -25%, p < 0.05) and entorhinal ( -14%, p < 0.05) cortex, hippocampal CA 3 subfield ( -21 %, p < 0.05), and in the dorsolateral crescent of the caudate nucleus ( -42%, p < 0.05).
Regional CBF/CMRglc ratios at 6 h and 1,2, and 4 days after ischemia are summarized in Table 3 . Due to the proportionally more severe reduction in CMRglc, a clear trend toward increased CBFI 
DISCUSSION
With the advent of autoradiographic techniques for the measurement of cerebral blood flow (Sakurada et al., 1978) and glucose utilization (Sokoloff et al., 1977) , the classic concept of hemo-dynamic adjustment to metabolic and functional ac tivity of the nervous system as proposed by Roy and Sherington (1890) could be further substanti ated (see Sokoloff, 1981) , Double-tracer autoradi ography-the combined application of both autora diographic methods to the same animal-allows the direct determination of CBF/CMRglc ratios in indi vidual brain structures. Earlier approaches for as sessing coupling between blood flow and metabo lism differ from the present one inasmuch as corre lation analysis was carried out in separate animal groups (Des Rosier et al., 1974; Sokoloff, 1981) , The slope of the resulting regression line is inter preted usually as the average decrease or increase of perfusion per unit change in the metabolic rate for glucose. As is evident from the present study, the local relationship between cerebral blood flow and glucose metabolism was found to be more vari able than generally assumed, even under control conditions. Following activation or suppression of metabolism, the extent of hemodynamic adjustment appears to differ in different subunits. Therefore, postischemic alterations of coupling was referred in each individual region to the appropriate control value.
The results of the present study shed some light on the proportionality of these changes. Although the relationship between blood flow and metabo lism deviated from that observed in control animals for several days after ischemia in most regions of the brain, the degree and direction of uncoupling did not correlate with the manifestation of cell in jury. In the vulnerable parts of the caudate and hip pocampus, the ratio of CBFICMRglc remained un changed or tended to increase distinctly, which ren ders it unlikely that neuronal injury is caused by relative hypoxia. Conversely, this ratio slightly de creased in the CA3 sector and dentate gyrus al though neurons survive in these regions (Kirino, 1982) . A more important difference between vulnerable and resistant brain regions appears to be the abso lute level of postischemic glucose metabolism. In the vulnerable CAl sector and dorsal subiculum of hippocampus as well as in the vulnerable dorsolat eral part of the caudate nucleus, glucose utilization was persistently decreased throughout the observa-tion period, whereas in the resistant CA 3 sector of the hippocampus, the dentate gyrus, and the ven tromedial part of the caudate nucleus, it gradually returned to normal. However, even this relation ship was not absolute. Some cortical regions such as the occipital and entorhinal cortex exhibited the same degree of metabolic suppression as the selec tively vulnerable parts of the brain. Moreover, it is difficult to decide whether a reduction in metabolic activity after ischemia is a pathogenetic factor of postischemic damage or an epiphenomenon of the manifested injury. In the resistant parts of the brain, the reduced metabolic activity is presumably the expression of reduced functional activity that may persist for extended periods after the ischemic im pact.
In conclusion, the present study demonstrates that after a brief period of cerebral ischemia, long lasting regional disturbances of metabolic activity and the regional flow-metabolism coupling persist. However, we were not able to establish a relation ship between the metabolic disturbances and a crit ical postischemic hypoperfusion. Our study, there fore, does not support the hypothesis that matura tion of delayed neuronal injury is the consequence TABLE 3. Regional CBFICMRgic ratios (ml/Il-mol) in control and postischemic gerbil brain
